Abstract. We present the results of an experimental campaign conducted on the LULI2000 laser facility. Semiinfinite targets of a commercial grade of porous graphite were submitted to high-power laser irradiation in order to generate craters. A 15 ns pulse duration was used along with a focal spot diameter of 900 µm to deliver energies up to 750 J. Numerical simulations of these shots have been performed following a specific methodology which can be divided in three steps. Firstly, the mechanical loading induced by the laser is calibrated by simulating the same shot on a thin aluminum target of which free surface velocity is measured by PDV and line-VISAR. Secondly, the same shot is performed on a thin graphite target to validate the material model of graphite. Thirdly, the craterization shot on semi-infinite target is simulated. Numerical results are compared to experimental measurements of craters obtained using an interferometric profilometer.
Introduction
The cratering process in brittle materials is a major concern for the aerospace industry which has to design satellites and spacecrafts able to withstand impacts of meteoroids or debris at several kilometers per second. Complementary to laboratory launchers, high-power laser facilities could allow to investigate this process [1, 2] . Indeed, the interaction of the laser with target material generates a plasma whose expansion creates a shock wave that may lead to the formation of a crater.
In this paper, we present laser-driven cratering experiments performed on the LULI2000 laser facility and the corresponding simulations. Such simulations require a preliminary study on thin targets to determine the mechanical loading induced by the laser on the target. With thin targets, it is possible to record the velocity of the back surface. Comparing these measurements with numerical results, we can access to the laser loading. The material chosen for this study is a porous graphite called EDM3 but, in a first step, we perfom a shot on a thin aluminum target because this well-known material does not raise any problem of modeling. In a second step, the same shot is performed on a thin EDM3 target to validate our model of this material. Finally, we simulate the craterization shot on semi-infinite EDM3 target. We note that EDM3 has already been studied under hypervelocity impacts [3, 4] and laser-driven shocks [5, 6] . * e-mail: bertrand.aubert@cea.fr Section 2 is devoted to the presentation of experimental set-up and main results. Simulations are investigated in Section 3 where a specific case is completely studied.
Experiments

Experimental set-up
The LULI2000 laser facility is a Nd-YAG high-power laser located at the Ecole Polytechnique (Palaiseau, France). It can deliver energies up to 800 J at the wavelength of 1064 nm with tunable pulse duration. All the shots presented in this paper were performed using square temporal profiles of 15 ns which were measured at each shot. The energy has been measured with a calorimeter at each shot too. A phase plate has been used to shape the focal spot before its entry in the vacuum chamber containing the target. The spot has been recorded with a CCD camera placed at the target position. From this measurement, shown in Figure 1 , we estimate a focal spot diameter of about 900 µm. Repetition of this procedure showed that the spatial distribution was stable during all the campaign.
The two materials shot during this campaign were aluminum 6061-T6 and EDM3. This later is a porous graphite commercialized by POCO which can be considered as macroscopically isotropic. It has a density of 1754 kg m −3 and a porosity of 22 %. Its main mechanical characteristics can be found in [4] . Three types of targets have been used: EPJ Web of Conferences 183, 01060 (2018) https://doi.org/10.1051/epjconf/201818301060 DYMAT 2018 • thin targets made of 197 ± 2 µm of aluminum 6061-T6 bonded to a 2 mm LiF window;
• thin targets made of 191 ± 2 µm of EDM3 bonded to a 2 mm LiF window;
• semi-infinite targets made of 8 mm of EDM3.
LiF windows are bonded to the back face of thin targets and the velocity is measured through these transparent windows. In this way, we measure the particle velocity at the interface between the target and the window. This velocity is easier to measure than the free surface velocity which is approximatively twice higher. Moreover, the shock impedance of LiF is almost equal to that of aluminum. Consequently, the use of a LiF window allows to observe the release which follows the shock without being interrupted by shock reflection at the Al/LiF interface. The glue thickness between the target and the window will be neglected in the rest of the paper. To measure the velocity on thin targets, we used two complementary diagnostics: a line-VISAR [7] and a multipoint PDV system [8] . Our line-VISAR measures the velocity on a line 5 mm long during about 20 ns with a temporal resolution less than a nanosecond at a wavelength of 532 nm. It gives us precisely the arrival time of the shock and the velocity at this moment but the measurement duration is too short to observe the whole shock. This is why we also used a multipoint PDV system which measures the velocity during a few microseconds with a temporal resolution of a few nanoseconds at a wavelength of 1550 nm. Our PDV system has the particularity to contain eight punctual probes spaced 250 µm apart so, like the line-VISAR, it gives us an information on the loading at the center of the focal spot but also around it. Such diagnostics are very interesting to study the cratering process because it is clearly a two-dimensional mechanism for which radial effects are significant. Even if the wavelengths of these two diagnostics were different, they were not compatible because of space limitations.
Results
Three craters have been generated in semi-infinite EDM3 targets at 83 J, 445 J and 662 J. All these craters have been measured with an interferometric profilometer. It provides a 3D map of each crater from which we measure the maximum depth d, the diameter φ and the volume V and we extract a 2D profile crossing the crater center. If the definitions of d and V are not ambiguous, it is more complicated for φ. Indeed, the crater is always composed of a central volume surrounded by a ring. This specific shape is visible on the profile shown in Figure 2 . Sometimes the outer ring is not formed all around the crater so it is difficult to precisely measure a diameter. It is for this reason, that we prefer distinguish two diameters: the diameter of the central volume denoted φ 1 and the diameter of the outer ring denoted φ 2 . Figure 3 shows the evolution of crater dimensions as a function of the laser energy. This energy is the one that has been measured by the calorimeter and not the one that has been adjusted by numerical simulations (see 3.2). It has already been observed for this material that the crater volume increases linearly with the laser energy [5] but the evolution does not seem linear in the present case (Figures 3.a) . It can be explained by the fact that the outer ring of the 445 J crater is complete whereas that of the 662 J crater is incomplete. The ring seems to be due to a crack which grows radially all around the crater and ejects matter when it becomes sufficiently significant. Crack propagation strongly depends on the defect distribution in the material and the spatial distribution of the energy in the laser spot so three shots are not enough to clearly discriminate a trend concerning V. Contrariwise, the quantities d, φ 1 and φ 2 are not problematic because their definitions remain valid if the outer ring is incomplete. They are proportional to the laser energy at the power 1/3 ( Figures 3.b and 3.c) . These results are consistent with previous observations at lower intensities [5] .
We simulated step by step these three shots, including the preliminary characterization shots on thin targets. For the sake of brevity, we will only present in Section 3 the case of the 662 J crater. Table 1 lists all the characterization shots relative to this laser configuration. Thanks to shots 1 and 2 which are complementary, we will be able to calibrate the loading. These two shots can be considered as identical because their energies differ by less than EPJ Web of Conferences 183, 01060 (2018) https://doi.org/10.1051/epjconf/201818301060 DYMAT 2018 4% and their temporal profiles are similar. Shot 3 will be useful to validate our modelling of the EDM3 before to simulate the craterization shot. 
Simulations
Codes and models
To treat the laser/matter interaction we used the Lagrangian mono-dimensional ESTHER code. The shock propagation and the mechanical response of the material were performed with the HESIONE Eulerian hydrocode in 2D-axisymmetrical geometry.
The behaviour of aluminum 6061-T6 is described with the equation of state (EOS) SESAME 3720 and the SCG model [9] . The set of parameters used for this model is presented in [10] . In the same way, the EOS SESAME 7270 and the SCG model are used for the LiF. The behaviour of EDM3 is described with the POREQST model [11] . This model takes into account the pores closure and the pores reopening in porous materials. It has been calibrated for our EDM3 on a large range of experiments. All the selected parameters are summarized in [3] .
Calibration of the laser loading on thin targets
From Figure 1 , we extract the radial profile f (r) shown in Figure 4 . Beyond a radius of about 1250 µm the energy measured by the CCD camera is too low compared to the measurement noise so we extrapolate the profile using an exponential decrease. Knowing f (r) and the laser energy, we can determine the fluence at the center of the spot. This fluence and the measured temporal profile of the shot 1 ( Figure 5 ) are used as input data for an ESTHER simulation. As output, we got the ablation pressure P(r = 0, t). To obtain the complete pressure field P(r, t), we use the radial profile of energy f (r) and the Gr?n law [12] which claims that the ablation pressure is proportional to the laser intensity at the power 0.8:
This pressure field is then applied on the target surface as boundary condition in the HESIONE code. From this simulation, we can extract the velocity at the Al/LiF interface for different radii and compare these results to PDV and EPJ Web of Conferences 183, 01060 (2018) https://doi.org/10.1051/epjconf/201818301060 DYMAT 2018 VISAR measurements. Without any adjustments, simulation overestimates experimental measurements by about 20%. We know that a part of the laser energy is lost in the last optics of the laser chain (lens, window and phase plate) which are placed after the measurement point of the energy. Thanks to our simulations, we estimate this loss at 20%. In the rest of this paper, all the numerical results which are presented take this loss into account. Figure 6 shows numerical results for the shot 1 (bold straight lines). Velocities at r = 0 µm and r = 750 µm are compared with corresponding PDV measurements (dotted lines). All other PDV measurements are unusable for this shot. Because of its poor temporal resolution, the PDV system was not able to precisely measure the peak of velocity for this shot. Indeed, the velocity increases too rapidly until a very high level to be captured by PDV. But, once the peak passed, PDV measures with reliability the release behind the shock. The velocity measured with line-VISAR at r = 0 µm for the shot 2 (thin straight line) is also plotted in Figure 6 . This velocity is extracted from raw measurement shown in Figure 7 . The high deformation of the Al/LiF interface on the shock edges implies a lost of reflectivity. The fringe shift becomes unusable and the velocity cannot be measured in this area. Globally, our simulation well reproduces the arrival time of the shock, the velocity level and the shape of the release, even at r = 750 µm.
Our modeling of the loading is validated so we simulate the shot 3 on thin EDM3 target with the same procedure. Only the PDV measurement at r = 0 µm is usable for this shot. This time, the peak of velocity has been measured. It is compared with the corresponding numerical result in Figure 8 . The shape of the release is well reproduced and the velocity level too. The velocity jump observed at about 50 ns is due to a shock reflection which occurs at the interface between EDM3 and LiF because their shock impedances are different. We cannot use the PDV measurement to discuss the arrival time of the shock because its temporal resolution is of a few nanoseconds. 
Simulation of a craterization shot on semi-infinite target
In this part, we present the simulation of the 662 J craterization shot on semi-infinite target of EDM3. The result of this simulation is compared with a cut of the experimental crater on Figure 9 . The red area on the simulation corresponds the area where the damage criteria of our model has been reached. Such material is completely damaged and no longer has any tensile strength. The experimental profile should be contained in this area.
As we can see, our simulation well reproduces the central volume and therefore d and φ 1 . But, the outer ring is not reproduced numerically so V and φ 2 are not provided by our simulation. However, we distinguish a beginning of crack on the crater edges. It is this crack which could be at the origin of the formation of the outer rings. 
Conclusion
We performed three laser shots in semi-infinite EDM3 targets at very high intensities. Resulting craters have been measured and their particular shape has been noticed. They are always formed of a central volume surrounded by an outer ring. Numerical simulation of one of these shots has been fully described. Such a simulation requires a preliminary study on thin targets to calibrate the loading. This step has been validated by the good agreement observed between numerical simulations and experimental PDV and VISAR measurements. Finally, the complete simulation of the craterization shot well reproduces the central volume of the crater but not the outer ring.
